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In The assessment, quantification and understanding of measurement uncertainty over the third 
octave band frequency range 100-3150Hz and for single number quantities is now part of 
UKAS laboratory requirements under ISO17025. It is also desirable to monitor if these uncer-
tainties change or vary over time or by virtue of the components involved in the measurement 
process. This study introduces the methods that can determine this and defines the basic termi-
nology that should be applied and provides a comparison of results using a separating floor con-
struction as an example. A suggested method is suggested of how uncertainty can be managed 
over time and some examples are given of the value in making periodic measurement uncertain-
ty investigations using floor tests as a comparison. 
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1. Introduction 
Measurement uncertainty relating to sound insulation testing in the field is now covered in the 
International Standard BS EN ISO12999: 2014 [1]. This follows BS5725-2 [2] procedures and  is 
helpful but it does not exonerate the testing organisation from undertaking their own assessments in 
order to identify the components of variance associated with their measurement process and test 
equipment. Indeed, part of the UKAS accreditation process in the UK is that cross check sampling 
should be undertaken periodically to ensure that the testing laboratory keeps abreast of their ongo-
ing uncertainty of measurement and if it identifies change over time to investigate what may of 
caused it in order to continually review and improve their measurement systems and protocols. 
The testing process is onerous because for sound insulation measurement the data collection pro-
cess is labour intensive and time consuming so it is essential that measurement uncertainty experi-
ments obtain the maximum amount of information from any test or design of experimental scenario 
and, where possible can be combined for a global view of uncertainty. 
In this paper we review how this cross check process for measurement uncertainty can be man-
aged and list some examples of the value in making periodic measurement uncertainty investiga-
tions using floor tests as a comparison. 
2. Methods of calculating uncertainty 
Previous work by Whitfield and Gibbs [3] has demonstrated the shortcomings of  the limited ap-
proach taken by BS5725 for field testing and Wittstock [4, 5] has highlighted the problems of using 
GUM [6] for assessing the uncertainties in the measurement of sound insulation. There is signifi-
cant value of adopting a more sophisticated analysis technique and making slight modifications to 
the design of experiment (DOE) associated with BS5725 type round robin tests (RRT). The method 
is called a Gauge Repeatability and reproducibility study (GRR) and uses an advanced analysis of 
variance (ANOVA) model to produce the comparisons between factors and draw out the individual 
contributions from the components of variance without adding to the sampling burden on site. 
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2.1 GRR DOE 
 
The Gauge R&R study (GRR) applies analysis of variance techniques (ANOVA) to a design of 
experiment that is described as a balanced two-factor crossed random model with interaction. That 
is, every level of one factor is run with every level of another factor (crossed) and each measure-
ment is repeated the same number of times (balanced), e.g. every part in the test sample is measured 
by every operator the same number of times. This DOE is used to draw out the ‘factors’ influence 
on the measured results. Like a RRT it attempts to assess the same uncertainty due to repeatability 
and reproducibility but the experimental design also allows the user to draw out the contributions of 
components of variance due to the instrument, operator and part being measured as well as any in-
teraction that may have occurred in the experiment between the operator and the part. As more than 
one part is measured it is particularly suited to the field measurement of sound insulation, indeed if 
the parts selected for measurement are identical in construction as well as the shape and size of the 
room, the measurement uncertainty of the construction itself can be determined and there is evi-
dence to suggest that this may have its own uncertainty signature particular to the construction [3]. 
 
For our experiment, we can model the measurement X by operator i on part j at replication k by: 
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 , where Oi, Pj, (OP)ij and Rk(ij) are random variables 
corresponding to the operator, the part, the operator by part interaction, and the  measurement repli-
cations. We assume these variables are independent of each other, and normally distributed with 
mean 0 and constant variances σ2O, σ2P, σ2OP and σ2R respectively. µ refers to the overall mean of all 
the observations Xijk .   
The definition of reproducibility in the GRR is covered in Burdick et al [7, 8] and is shown in 
equation (2): it should be noted that unlike the definition in BS5725-2 it does not contain the  re-
peatability component rather it describes the variance of the ‘operator’ (test engineer) and any inter-
action he may have with the parts (or in our case floors) they may measure. The combined Gauge 
variance components which represent the whole measurement system are shown in equation (3) and 
the total variance shown in equation (4) and incorporates the variance due to the performance of the 
part being measured (Floor). Obviously if significantly different floor constructions are contained 
within the test sample the variance they contribute will be large in comparison to the measurement 
system. If the surfaces being tested are identical and the room dimensions match for each test the 
variance of the part will describe the construction variability and this is a elegant way of assessing 
the performance of the floor due to construction alone. Craik et al [9, 10] referred to this variability 
as ‘Workmanship’ i.e. the floors are identical in construction and room size so the only difference 
affecting the floor performance would be due to the way they are assembled.  
 
(2) 𝜎𝑟𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑖𝑏𝑖𝑙𝑖𝑡𝑦
2 =  𝜎𝑂
2 +  𝜎𝑃𝑂
2  
(3) 𝜎𝑔𝑎𝑢𝑔𝑒
2 =  𝜎𝑟𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦
2 +  𝜎𝑅𝑒𝑝𝑟𝑜𝑑𝑢𝑐𝑖𝑏𝑖𝑙𝑖𝑡𝑦
2  
(4) 𝜎𝑡𝑜𝑡𝑎𝑙
2 =  𝜎𝑔𝑎𝑢𝑔𝑒
2 +  𝜎𝑝𝑎𝑟𝑡
2  
 
A GRR DOE with 6 parts 5 operators and two repetitions the analysis of variance table would be 
as follows: 
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Table 2-1: Testing Schedule - Lightweight Timber Floor 
 
3.  GRR Experiments 
In this paper we will be using three GRR experiments one for Timber floors carried out in 2007, 
a GRR experiment for concrete floors and one carried out to determine the linearity of the test sys-
tem with 4 different performing test elements carried out in 2008. This will demonstrate that the  
individual GRR DOE can provide specific information on the element being measured as well as 
identifying the measurement uncertainty of the test system over time. The experimental DOE of 
each is detailed below. 
Table 3-1: Testing Schedule - Lightweight Timber Floor 
Test Site: Timber Floor Separating  Element Floor: Timber Floor Type : E-FT-3 
Operators Parts Repetitions 
5 6 3 
Table 3-2: Testing Schedule - Heavyweight Concrete Floor Tests 
Test Site: Concrete Floor Separating  Element Floor: Concrete Floor Type : E-FC-4 
Operators Parts Repetitions 
5 6 3 
Table 3-3: Testing Schedule - Linear Tests – Concrete Floor Site 
Test Site: Concrete Floor Separating  Element: Various Additional Testing - Linear 
Operators Parts Repetitions 
5 4 3 
3.1 Timber Floor GRR 
The components of variance for the timber floor GRR for the single figure value (DnT,w + Ctr) are 
detailed in the Table below:  
Table 3-4: Timber Lightweight Floor - Major Components of Variance (DnT,w +Ctr) 
 
where:  
r2 = Repeatability (instrument Variance) 
R2 = Reproducibility (Operator Variance) 
p2 = Part to part variance  
p.o2 = Operator by part variance 
GRR2 = total gauge variance = r2+ R2+p.o2 see section 8.7.2 of [11] 
(NB: in timber case p.o2 = 0 for single figure values) 
 The measurement due to the defined factors for the timber GRR are as follows: 
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Table 3-5: measurement s.d. due to defined factors - ordered by magnitude 
 
 
Ideally the part measured would contribute the most and the operator and instrument contribu-
tions would be low. This can be represented graphically across the frequency spectrum:: 
3.2 Concrete Floor GRR 
 
The components of variance for the concrete floor GRR for the single figure value (DnT,w + Ctr) 
are detailed in the Table below:  
Table 3-6: Concrete Heavyweight Floor - Major Components of Variance (DnT,w + Ctr) 
 
The concrete DnT,w + Ctr results show that the components of variability are relatively low within 
1dB standard deviation. The instrumentation (representing “repeatability” r) has a standard devia-
tion of 0.89dB; the operator (represented by o) has a standard deviation of 0.76dB. The standard 
deviation of the operator in this case is different from the reproducibility R as the interaction term 
(p.o ) is 0.65dB.The measurement due to the defined factors for the concrete GRR are as follows: 
 
Table 3-7: Concrete Floor - measurement variability due to defined factors - ordered by magnitude 
 
In the concrete floor GRR, the part has the highest standard deviation, then the instrument and 
the operator, though the data tell us that the parts influence is proportionally greater in the DnT,w 
case (1.84dB) compared with repeatability and operator components than in the DnT,w + Ctr case 
where they are almost equal in size. The order is the reverse of the timber floor GRR. It is noted that 
the concrete floor GRR had non-identical test rooms which varied in size and volume (unlike the 
timber floor GRR where they were similar), the small changes in size and volume of the source and 
receiver rooms is likely to be the cause of this difference. The operator and instrument have very 
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similar standard deviations for DnT,w + Ctr which, when rounded to 1 decimal place to reflect the 
instrument measurement resolution, are 0.8dB and 0.9dB respectively. 
3.3 Linear GRR 
The three individual GRR experiments can be combined to make one large test sample and the 
results for this  combined GRR for the single figure value (DnT,w + Ctr) are detailed in the Table be-
low: 
Table 3-8: Linear GRR - Major Components of Variance (DnT,w + Ctr) 
 
For DnT,w + Ctr, the results for the Linear GRR show the instrumentation (representing “repeata-
bility” 𝜎𝐸
2 ) is responsible for  0.53dB of the total variance of the results, this components value was 
1.4dB for timber and 0.8dB for concrete. The reproducibility variance (𝜎𝑅
2) is 0.53dB; this is a com-
bination of 0.0dB from the operator i.e. no significant uncertainty due to the operator (represented 
by 𝜎𝑜
2) and 0.54dB from the operator by part interaction term 𝜎𝑝𝑜
2 . The reproducibility variances 
were 4.4dB for timber with no interaction and 1.0dB for the concrete GRR with 0.4dB interaction 
and 0.6dB due to the operator.  
 In the Linear GRR, the part has the highest standard deviation which is to be expected because 
the sample was chosen to test the linearity of the instrumentation. In this case the performance of 
the surfaces differed by  over 10dB for the single figure value. 
3.3.1 Three GRR 
The three GRR experiments on their own provide a valuable insight into the measurement uncer-
tainty due to the instrumentation and the operator. They also explain the variability due to the part 
which in the special case of the Timber Floor also describes the variability due to the construction 
itself as the room effect is ‘blocked’ by choosing identical test samples. This is the ‘workmanship’ 
component identified by Craik et al and it is theoretically proposed by Whitfield and Gibbs [3] that 
the measurement uncertainty due to the part has a signature that can be attributable to the part. The 
data from all three experiments is valuable and one of the benefits of the GRR DOE is that it is pos-
sible to combine results if the parameters of the study remain the same i.e. number of operators and 
repetitions. The combined GRR is detailed below. 
3.4 Linear Combined GRR 
The three individual GRR experiments, timber, concrete and linear can be combined to make one 
large test sample Linear (Combined) GRR and the results for this  combined GRR for the single 
figure value (DnT,w + Ctr) are detailed in the Table below:  
Table 3-9: Linear Combined GRR - Major Components of Variance (DnT,w + Ctr) 
 
 
For DnT,w + Ctr, the results for the Linear Combined GRR show the instrumentation (represent-
ing “repeatability”  σE
2  ) is responsible for  1.0dB of the total variance of the results, this compo-
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nents value was 1.4dB for timber and 0.8dB for concrete, indicating the value aggregates across the 
larger test sample.  The reproducibility variance (σR
2 ) is 2.2dB; this is a combination of 0.9dB from 
the operator (represented by σo
2) and 1.3dB from the operator by part interaction term σpo
2 . The re-
producibility variances were 4.4dB for timber with no interaction and 1.0dB for the concrete GRR 
with 0.4dB interaction and 0.6dB due to the operator. Again the larger sample aggregates the com-
ponents of variance terms.  
4. Comparison 
4.1.1 Timber GRR v Concrete GRR v Linear(Combined) GRR 
The linear (combined) GRR individual repeatability, reproducibility and operator terms can be 
plotted on a graph with the timber and concrete GRR results to illustrate the effect of a combined 
GRR with extended range on the components of variance derived using ANOVA. The contribution 
of the measurement system repeatability and reproducibility is detailed in Figure 4-1 & Figure 4-2. 
The reproducibility is further sub-divided to show the operator contribution and the operator by part 
interaction in Figure 4-3 & Figure 4-4. 
 
 
Figure 4-1: Repeatability Variance σ2r: Timber/Concrete/Linear(Combined) GRR 
 
The repeatability and reproducibility variance levels across the frequency range show how 
measurement system analysis is dependent on the construction being measured and to some extent 
the conditions on site.  
The repeatability variance component associated with the instrumentation was generally lower 
for the timber GRR than it was for the concrete GRR. The low frequency range for both timber and 
concrete GRR <250Hz is influenced by room effects, i.e. by a non diffuse field. 
The timber GRR was affected by background noise at high frequency as represented in the re-
peatability component of variance from 1250-3150Hz. For the concrete GRR there is some back-
ground noise effect which occurs in the mid range frequencies. This is the reason the GRR shows 
higher repeatability variance than the timber GRR, between 125 – 800Hz. For 1000Hz – 1250Hz 
repeatability is similar for both timber and concrete floors. The timber GRR is affected more and 
has higher repeatability in the range 1600Hz – 3150Hz. 
The pooled repeatability, which incorporates the data from the timber and concrete GRR, plus 
four new test elements, displays a trend between the two larger GRR studies.  
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Figure 4-2: Reproducibility Variance σ2R: Timber/Concrete/Linear GRR 
The reproducibility variances are also affected, below 250Hz, by the low modal density in the 
room and non diffuse field and in the timber GRR by the background noise correction term at the 
higher frequency bands 1250Hz – 3150Hz. The reproducibility derived from the combined data in 
the linear GRR ranges in between the variances of the two larger GRR studies though this does not 
necessarily mean that it will always take a middle route in all components of variance. The repro-
ducibility component can be sub-divided into two further components for the operator and the oper-
ator by part interaction. These help describe where the variability associated with the reproducibility 
originates and also informs where the independence of these factors are compromised. They are 
detailed in Figure 4-3 & Figure 4-4. 
 
 
Figure 4-3: Operator Variance σ2o: Timber/Concrete/Linear GRR 
 
Figure 4-4: Interaction Variance σ2p.o: Timber/Concrete/Linear GRR 
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The timber reproducibility variance is calculated from a reduced model (without interaction) 
apart from  125Hz, 2500Hz & 3150Hz. It is therefore represented by the operator variance for the 
majority of the frequency range. 
For the concrete GRR, interaction between part and operator is significant across most frequen-
cies and it is the dominant factor in the reproducibility variance at the 125Hz – 250Hz bands.  
The linear (Combined) GRR operator variance is lower than both the timber and concrete GRRs 
at 100Hz, see Figure 4-3. This is enhanced by an interaction term that is higher than the timber and 
concrete GRRs, the result is that the reproducibility variance for the Linear GRR 100Hz band is 
between the timber and concrete GRR values. A similar situation also occurs at the 1000Hz – 
3150Hz frequency bands, where there is significant interaction identified between the part and the 
operator for the Linear GRR (0.5 – 2.1dB) though the operator variance at these frequencies is rela-
tively low (0.2 – 0.74dB). 
5. Conclusion 
This paper has discussed a method that, without additional survey effort, can determine the un-
certainty via the components of variance associated by the instrument (gauge), the operator and the 
part and can also identify if, during the survey process there was any interaction between the opera-
tor by part that could influence the results. This information is not available if the BS5725 DOE is 
followed. 
In addition if the test elements are selected carefully supplementary information can be obtained 
with respect to the performance of the construction itself i.e. the variability of the part due to work-
manship or assembly. Also if the GRR DOE is consistent throughout the experiments over time the 
individual studies can be combined into one global experiment in order to provide a robust assess-
ment of the measurement uncertainty of the instrument, operator and operator by part components 
of variance, no experimental effort is wasted. The individual GRR experiments can target compo-
nents of variance that give specific interest (Types of construction) while the progressive sampling 
can provide a laboratory with a robust data base of uncertainty overall over time or for specific situ-
ations or separating element constructions. The research in this respect is continuing and will be 
published in due course. 
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